The width of orientation tuning of visual cortical neurons, as measured from their spike output, is invariant with contrast (1-3). The feedforward model of orientation selectivity proposed by Hubel and Wiesel (4), however, predicts approximate contrast invariance of orientation tuning not of spike responses, but of the synaptic input that simple cells receive from geniculate relay cells (5, 6) . Relay cell activity grows with increasing contrast, but because it is nearly orientation-independent, the membrane potential responses of postsynaptic cells should grow at all orientations. As a result, orientation tuning of the membrane potential responses should scale with contrast, without any change in width. In the presence of a fixed spike threshold (7), however, the orientation tuning of spike responses should widen with increasing contrast as more of the membrane potential tuning curve exceeds threshold (8) .
In both simple ( Fig. 1 , A to E) and complex cells (Fig. 1, F to I ), orientation tuning of both membrane potential and spike responses is contrast invariant (9) . The red traces in (A) and (F) show an average (n ϭ 5) of the membrane potential response to an optimally oriented stimulus of high contrast. This response is about twice as large as the response to a corresponding stimulus of low contrast (blue traces). From similar traces recorded at different orientations, we constructed orientation tuning curves for three different response measures: mean potential (C and H), mean spike rate (E and I), and, for simple cells, modulation of potential at the grating temporal frequency (D). Each tuning curve was then normalized to a peak amplitude of 1 and fitted to a Gaussian. In each cell, the fitted curves for the three contrasts were nearly identical in width. The iceberg effect (7) was also apparent: Spike tuning was narrower than membrane potential tuning, by ϳ50% in (E) and ϳ30% in (I). To quantify contrast invariance for the population, we plotted tuning widths derived from Gaussian fits at high and low contrast against one another for mean membrane potential and spikes (Fig. 1, J and K) . Figure 1 highlights an important feature of the cells that might underlie the contrast invariance of spike responses: Stimuli that evoked membrane potential responses whose average remained well below threshold nevertheless evoked reliable spiking. In Fig. 1 , A and F, for example, the peak of the averaged response to the 8% contrast grating lies more than 5 mV below threshold, yet the tuning curve for spikes at 8% contrast (Fig. 1E) shows considerable activity. Furthermore, the contrast-response curve for spikes at the preferred orientation (Fig. 1 , B and G) shows significant responses for contrasts as low as 4%. Yet in most cells, including those in Fig.  1 , averaged membrane potential responses even at high contrast never exceeded spike threshold by more than a few millivolts, and in some cases never reached threshold at all.
The explanation for this behavior lies in the variability of the individual responses, as shown for another simple cell in Fig. 2 . At the preferred orientation, the averaged response to high-and medium-contrast gratings consisted of a robust modulation of the membrane potential at the grating temporal frequency ( Fig. 2A) . At low contrast, the averaged response rose only slightly above baseline. Individual response trials (Fig. 2, B to D) , however, offer a radically different picture. The maximum depolarization was similar at each contrast. What differed was the consistency of the responses and the relative time spent by the membrane potential above threshold. Thus, while the averaged responses suggested that low-contrast stimuli should evoke no spikes at all, the variability in individual responses clearly did trigger spikes (Fig. 2B) , although at lower rates than would be expected from the medium and high contrasts. At the orthogonal orientation, the averaged membrane potential showed hardly any response, and few or no spikes were evoked.
The amplitude of the trial-to-trial variability in the responses (which we will refer to as "noise," although it need not be random) varied little with contrast and orientation (Fig. 2E ). In 22 cells (Fig. 2G ), we observed a 25 to 30% increase in noise at preferred orientations relative to orthogonal orientations (10) , and a 10% decrease with increasing contrast. Noise at low frequencies (0.5 to 20 Hz) was nearly five times the noise at high frequencies (20 to 50 Hz) (Fig.  2H ). Both low-and high-frequency components were elevated at preferred orientations relative to orthogonal orientations. Unlike lowfrequency components, high-frequency components were elevated relative to rest at all orientations. Increases in contrast differentially affected low and high frequencies, decreasing low-frequency components by 10 to 25%, while elevating high-frequency components by 10 to 40%.
The response variability had the effect of smoothing the relation between averaged membrane potential and average firing rate (Fig. 2F ), as compared with the threshold-linear relation between instantaneous membrane potential and firing rate (11) . Even though the averaged membrane potentials for the highest contrast stimuli never exceed threshold (Ϫ65 mV ), such stimuli evoked spikes: The averaged response combined with the noise was large enough to carry the membrane potential above threshold during some trials. The relation between average potential and firing rate could be approximated by a quadratic function, reminiscent of the squaring operation used to model cortical cells (12) . Such a smoothing of the threshold nonlinearity preserves the contrast invariance of orientation tuning in the membrane potential responses as they are transduced into spikes, while at the same time narrowing the orientation tuning width. This can be best understood in the context of Fig. 1 , D and E: To yield a close approximation to the Gaussian tuning curves of (E), one need only square the wider Gaussians of (D), reducing their widths by the square root of 2. This narrowing differs from a traditional iceberg effect: On Department of Neurobiology and Physiology, Northwestern University, 2153 North Campus Drive, Evanston, IL 60208, USA.
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We simulated the averaged responses of a simple cell to an optimal drifting grating ( Fig.  3A) with sinusoidal modulations of the membrane potential superimposed on an increase in mean potential. The tuning curves of the membrane potential mean and modulation (Fig. 3B) were modeled by Gaussians of 30°h alf-width and amplitudes of 10-, 6-, and 3-mV peak-to-peak modulation, and 5-, 3-and 1.5-mV mean depolarization at the three different contrasts. Noise was simulated at each point in time by a normal probability distribution centered on the averaged potential. Spike rates were predicted from the integral of the probability curve multiplied by the threshold-linear function. The predicted tuning for spikes is shown for low noise (Fig.  3C ) and for physiological levels of noise (Fig. 3D) . The curves for the low-noise condition show marked changes in width with contrast; the curves for the high-noise condition show near perfect contrast invariance. The effects of changing the noise level are shown in Fig. 3E . Above a modest level of noise (2 to 3 mV ), the tuning widths at each contrast converge toward a horizontal asymptote, such that increases in noise above this level change tuning width only slightly. The effect of noise on tuning width was primarily generated at nonoptimal orientations. There, the variability was most needed to ensure that the membrane potential crossed spike threshold sufficiently to translate small membrane-potential responses into spike responses. As long as the noise was of sufficient amplitude at these orientations and contrasts, contrast invariance was predicted. The prediction of contrast invariance depended little on assumptions about the spectral composition or tuning properties of the noise. In the simulations shown, the noise was assumed to be untuned for contrast or orienta- tion. Introducing a degree of tuning similar to that observed in Fig. 2 , E and G, however, had no perceptible effect on the contrast invariance of the modeled responses (13).
As with recorded cells, the simulation showed a narrowing of tuning for spikes relative to the tuning of membrane potential (Fig. 3E) . The effect gradually diminished with increases in noise, increased with distance between resting potential and spike threshold, but was largely independent of the position of spike threshold at high noise levels (Fig. 3F) .
To determine whether the noise present in vivo could account for contrast invariance in spike orientation tuning, we applied the threshold-linear model of spiking to membrane potential traces recorded from 18 reliably spiking cells. Spikes rates were predicted with three different methods. First, we applied the threshold-linear model to the averaged responses (14) . Second, we applied the model to individual response trials. Finally, we applied the model to the sum of the averaged responses and normally distributed noise of variance equal to that of the cell's spontaneous membrane potential. The resulting predicted tuning curves, together with measured tuning curves, are shown in Fig. 4 for one simple cell (A to D) and one complex cell (E to H ). For both cells, orientation tuning is essentially contrast-invariant for all conditions except for predictions made from averaged responses without added noise. The same was true for the population, as shown in Fig. 4, I to K, where tuning widths at high and low contrast are compared for the three prediction methods. Unlike the noise recorded in cortical cells, which is dominated by low frequencies (Fig. 2H) , the simulated noise used in Figs. 3 and 4 , D and H, has equal components at all frequencies. Both realistic noise (Fig. 4, C and D) and spectrally flat noise, however, were able to predict contrast invariance in the spike output. (8) . That it fails to do so at null orientations (Fig. 1C) requires an additional or alternative mechanism to linear summation of thalamic inputs. One such mechanism is nonlinear, intracortical amplification of geniculate input by orientation-specific feedback connections (15) (16) (17) . Alternatively, contrastdependent, push-pull inhibition could counteract the rise in mean potential predicted to occur at orthogonal orientations (6) .
Our data suggest that contrast invariance cannot be reliably achieved in a single cell for a single stimulus presentation. The reliable perception of stimulus orientation and contrast during a single trial seems to require averaging across a population of neurons. Population averages will only be effective, however, if the noise among individual cells (18) and their inputs (19, 20) is uncorrelated, which is not always the case. Finally, our results suggest a more widespread function for noise. It allows the averaged membrane potential of a neuron to be translated into spiking in a smooth, graded manner across a wide range of potentials, starting far below threshold and continuing through threshold itself. Thus, cortical neurons exhibit a clear form of stochastic resonance in their responses to visual stimuli (21, 22) . With an appropriate level of noise, membrane potential responses evoked by low-contrast stimuli, which on average remain subthreshold, can nevertheless evoke significant spiking (23) that is entrained to the stimulus. Widths at high contrast were greater than at low contrast by 9.1°Ϯ 1.2°(SEM, n ϭ 18, P Ͻ 0.001; two-tailed t test). (J) Spike tuning width at high versus low contrast predicted from individual trials. (K) Spike tuning width at high versus low contrast predicted from averaged responses with added noise. Average difference in width at high and low contrasts was less that 1°in both ( J) and (K).
